Introduction {#sec1}
============

Neuroblastoma (NB) is a neuroendocrine tumor that arises from neural crest elements of the sympathetic nervous system. It is the most common extracranial solid tumor of childhood, with a long-term survival rate of only 15%.[@bib1] Nearly all of the 45% of NB patients diagnosed with high-risk tumors present with metastases, including those diagnosed at any age with amplification of the *MYCN* oncogene and those older than 18 months with non-*MYCN*-amplified tumors.[@bib2], [@bib3], [@bib4], [@bib5] Although patient outcomes have steadily improved over the past 20 years, 3-year event-free survival rate is only 40% for patients who have high-risk, stage 4 metastatic disease.[@bib6] The current standard of care for these patients consists of: (1) intensive induction chemotherapy, (2) myeloablative consolidation chemoradiotherapy and autologous hematopoietic stem cell transplantation, and (3) 13-*cis* retinoic acid with immunotherapy that targets disialoganglioside (GD2).[@bib6], [@bib7], [@bib8], [@bib9] Treatment failures occur at both primary and metastatic sites, and particularly in metastases to the bone and bone marrow, suggesting that minimal residual disease is an important cause of recurrence.[@bib6] Current regimens of dose-intensive chemotherapy and irradiation are likely at the limit of both anti-tumor efficacy and patient tolerance, and post-consolidation therapy does not eradicate minimal residual disease (MRD) in many patients.[@bib6], [@bib7], [@bib8], [@bib9] Therefore, there is a critical need for improved, less toxic therapeutic approaches for tumor cyto-reduction (induction and consolidation phases) and eradication of MRD (post-consolidation phase) to improve clinical outcome in children with this disease.

Selective activation of the prodrug irinotecan (CPT-11; Camptosar; 7-ethyl-10-\[4-(1-piperidino)-1-piperidino\]carbonyloxycamptothecin) to its 1,000-fold more cytotoxic active metabolite SN-38 (7-ethyl-10-hydroxycamptothecin), a topoisomerase-1 inhibitor, can be achieved with carboxylesterases (CEs). This activation results in increased cytotoxicity and improved antitumor response in human tumor xenograft models of NB.[@bib10] Irinotecan is currently being used in front-line treatment for NB and tested in combination with other drugs in a phase I clinical trial for this disease,[@bib11] as well as colon cancer.[@bib12], [@bib13] Clinical trials with this agent are also under way in variety of other solid malignancies (e.g., sarcomas and non-small-cell lung cancer).[@bib14], [@bib15], [@bib16], [@bib17], [@bib18]

Neural stem cells (NSCs) are inherently tumor tropic and selectively localize to solid tumor foci in multiple organs after intravenous administration in several metastatic tumor models, including breast cancer,[@bib19], [@bib20], [@bib21] ovarian cancer,[@bib22] lung cancer,[@bib23] and NB.[@bib24], [@bib25], [@bib26] NSC-mediated enzyme and prodrug therapy has been shown to be effective in several tumor models including glioma, medulloblastoma, melanoma brain metastases, and metastatic breast cancer.[@bib19], [@bib27], [@bib28], [@bib29] We previously showed proof of concept for increased therapeutic efficacy in mouse models of metastatic NB, using tumor-tropic NSCs expressing a modified rabbit carboxylesterase (rCE) to convert the prodrug irinotecan to SN-38.[@bib10], [@bib19], [@bib30] We now present data using a well-characterized, clonal human NSC line (HB1.F3.CD clone 21)[@bib27] that has demonstrated clinical safety and proof of concept for brain tumor localized, NSC-expressed enzyme-mediated conversion of a prodrug (5-fluocytosine) to its active chemotherapeutic (5-fluorouracil) (investigational new drug \[IND\] application 14041; NCT01172964).[@bib31] We transduced this NSC line with replication-deficient adenovirus designed to allow high-level, transient expression and secretion of a modified human CE1 (hCE1m6). The hCE1m6-expression vector was generated from the human liver CE hCE1, specifically to allow for efficient conversion of irinotecan to SN-38,[@bib32] and has demonstrated functional equivalence to rCE, both in vitro and in vivo.[@bib33] This NSC-secreted form of CE accumulates at tumor foci (because of NSC tropism to tumor sites), where it can convert administered irinotecan to SN-38 and can generate a greater therapeutic radius of tumor kill around each NSC (the "bystander effect"), as compared with irinotecan alone.[@bib34], [@bib35] Toward clinical translation, our goal was to maximize therapeutic efficacy by determining the optimal clinically relevant dose and schedule of hCE1m6-NSCs + irinotecan in a mouse model of metastatic NB. Repeat treatment of mice bearing NB with intravenously administered hCE1m6-NSCs and irinotecan resulted in both a significant decrease in tumor burden (1.4-fold, p = 0.0093) and increased long-term survival versus treatment with irinotecan alone. These studies support further development of NSC-mediated gene therapy for improved clinical outcome in NB patients.

Results {#sec2}
=======

In Vitro Sensitivity of Human NB Cell Lines to Irinotecan and SN-38 {#sec2.1}
-------------------------------------------------------------------

To determine whether hCE1m6 expressed by NSCs could enhance the cell-killing effects of irinotecan on NB cells, we measured the half-maximal inhibitory drug concentration (IC~50~) for the drug in the presence and absence of NSC-secreted hCE1m6. The cytotoxicity of irinotecan and SN-38 was determined for a panel of human-derived NB cell lines (SMS-KCNR, CHLA-255, CHLA-136, and SK-N-AS) ([Figure 1](#fig1){ref-type="fig"}; [Table 1](#tbl1){ref-type="table"}). In brief, NB cells were incubated for 4 hr in cell culture medium containing irinotecan (0.001--1,000 μM) or SN-38 (1--100 nM), or in conditioned media (CM) harvested from NSCs expressing hCE1m6 to which irinotecan (1--100 μM) was added. All NB cell lines were significantly more sensitive to irinotecan in the presence of hCE1m6 as compared with irinotecan alone ([Figures 1](#fig1){ref-type="fig"}A--1D) ([Table 1](#tbl1){ref-type="table"}), because of conversion of irinotecan to SN-38, as demonstrated before.[@bib33] For the most sensitive cell line, SMS-KCNR, the cytotoxicity of irinotecan (IC~50~ = 7.95 μM) was increased up to ∼900-fold by addition of hCE1m6-NSC CM (IC~50~ = 0.009 μM). Although the change in sensitivity was not as dramatic in the other cell lines, addition of hCE1m6-NSC CM led to an increase of at least 139-fold ([Table 1](#tbl1){ref-type="table"}). These data suggest that hCE1m6 produced by NSCs can effectively convert irinotecan to the active metabolite SN-38, reaching therapeutic IC~50~ levels similar to those observed for SN-38 alone. Important for clinical translation, only nanomolar levels of SN-38 are needed for significant efficacy ([Table 1](#tbl1){ref-type="table"}).

NSC Clearance from Circulation and Peripheral Organs in Non-Tumor-Bearing Mice {#sec2.2}
------------------------------------------------------------------------------

Before translating use of hCE1m6-NSCs to a therapeutic approach, it will be necessary to ensure that these cells do not localize to non-tumor-harboring tissues and organs. To assess this, we performed in vivo time-dependent NSC biodistribution or clearance studies. For all experiments, plasma-esterase-deficient mice (*Es*1^*e*^/SCID)[@bib36] were used to more closely represent human plasma esterase levels. This allows for assessment of clinically relevant human doses of irinotecan in these mice.

Because the hCE1m6-NSCs have a single copy of the v-*myc* gene per cell,[@bib27] we used qPCR (TaqMan qPCR) to quantify the relative amounts of NSCs in the circulation and major organs. One hour after intravenous administration into non-tumor-bearing *Es*1^*e*^/SCID mice,[@bib36] NSCs were detected in the lungs, liver, spleen, blood, and brain ([Figure 2](#fig2){ref-type="fig"}A). However, hCE1m6-NSCs were undetectable by PCR at 24 hr, 48 hr, and 5 days post-injection ([Figure 2](#fig2){ref-type="fig"}A, 1 and 24 hr time points are shown). At the 1 hr time point, the relative rank of v-*myc*-positive cells per 100,000 normal tissue cells was lung \> blood \> liver \> spleen \> brain. Statistically significant differences were found when numbers of NSCs in lung were compared with blood (p = 0.02), liver (p = 0.003), spleen (p = 0.003), and brain (p = 0.007), because it is likely that the majority of stem cells are initially trapped in the lungs.[@bib37] No detectable v-*myc* DNA was observed 24 hr after NSC injection, indicating essentially total clearance of NSCs by this time point. Brain, liver, lung, and kidneys harvested at 1 and 24 hr after NSC administration were further analyzed by Prussian blue staining and histological examination to detect iron-labeled hCE1m6-NSCs (positive control for Prussian blue staining of Molday iron-labeled hCE1m6-NSCs was subcutaneous SKNAS tumor sections with NSCs; data not shown). We did not see any cells that were positive for Prussian blue staining in any of the sample tissue sections examined ([Figure 2](#fig2){ref-type="fig"}B), indicating the retention of exogenous hCE1m6-NSCs in normal tissues is a rare event and, given the assays used, detectable only by qPCR.

Biodistribution of Intravenously Administered NSCs to Subcutaneous NB Tumors {#sec2.3}
----------------------------------------------------------------------------

To confirm that hCE1m6-NSCs could localize to NB tumors, we developed subcutaneous xenografts of all four human NB cell lines in *Es*1^*e*^/SCID mice. When tumors became palpable, mice were intravenously injected with 2 × 10^6^ hCE1m6-NSCs. Forty-eight hours later, tumors were excised and analyzed for the presence of cells containing v-*myc*. All NB tumors contained NSCs ([Figure 3](#fig3){ref-type="fig"}). The average NSC tumor distributions for CHLA-136, SMS-KCNR, CHLA-255, and SK-N-AS NB xenografts were 269 ± 340, 153 ± 312, 124 ± 223, and 38 ± 27 NSCs per 100,000 tumor cells, respectively. The levels of v-*myc* among the samples, both within the same tumor samples or among mouse tumors, were highly variable, and averages were not significantly different (as assessed by analysis of variance). This was similar to previous observations for which NSC distribution was heterogeneous in other solid tumor models.[@bib27], [@bib30]

Kinetics of hCE1m6-NSC-Mediated Conversion of Irinotecan to SN-38 in Subcutaneous NB Tumors {#sec2.4}
-------------------------------------------------------------------------------------------

Following establishment of subcutaneous CHLA-255 or CHLA-136 NB xenografts in *Es*1^*e*^/SCID mice, we intravenously injected tumor-bearing mice with 2 × 10^6^ hCE1m6-NSCs on day 0 and with irinotecan (15 mg/kg) on day 2. One hour after drug administration, mice were sacrificed and NB tumors were excised and analyzed for drug (irinotecan and SN-38) levels by high-performance liquid chromatography-MS/MS. SN-38 levels in both CHLA-255 and CHLA-136 NB tumors in mice that received hCE1m6-NSCs were highest when irinotecan was given 2 days after NSC administration ([Figure 4](#fig4){ref-type="fig"}). We saw an approximately 2-fold increase in SN-38 concentrations in tumors from mice that received hCE1m6-NSCs on day 2 after NSC injection versus treatment with irinotecan alone (CHLA-255: 445.1 ± 69.0 versus 217.7 ± 60.7 ng/mL \[2.0-fold difference, p = 0.0001\]; CHLA-136: 766.7 ± 154.1 versus 460.9 ± 87.1 ng/mL \[1.7-fold difference, p = 0.0069). In contrast, plasma concentrations of SN-38 were similar in all mice, regardless of whether they received hCE1m6-NSCs. No significant differences in SN-38 concentrations were observed at 3 or 4 days after hCE1m6-NSC injection as compared with irinotecan alone in all mice (data not shown).

Therapeutic Efficacy of hCE1m6-NSCs and Irinotecan in a Metastatic NB Model {#sec2.5}
---------------------------------------------------------------------------

To assess the efficacy of treatment of hCE1m6 NSCs and irinotecan, we intravenously injected 2 × 10^6^ CHLA-136 NB cells expressing firefly luciferase Ffluc into *Es*1^*e*^/SCID mice on day 0, and treatment was initiated on day 10. Tumor growth was monitored by bioluminescent imaging, and mean signal intensities were obtained from these scans at multiple times points for each mouse. Two days after intravenous administration of hCE1m6-NSCs, mice were treated with three rounds of irinotecan using an established clinical dosing regimen.[@bib38] Treatment groups included: group A, tumor only; group B, irinotecan only (7.5 mg/kg, three times a week); group C, hCE1m6-NSCs + irinotecan (7.5 mg/kg, three times a week); group D, irinotecan only (15 mg/kg, three times a week); and group E, hCE1m6-NSCs + irinotecan at (15 mg/kg, three times a week). Two weeks of treatment was followed by 1 week of rest (considered one cycle of therapy). The treatment cycle was repeated three to four times. Mice that received hCE1m6-NSCs in combination with irinotecan (15 mg/kg, approximately equivalent to human dose of 50 mg/m^2^), demonstrated a significant delay in tumor growth as compared with those that received irinotecan alone ([Figure 5](#fig5){ref-type="fig"}A), resulting in a 1.7-fold log scale decrease in luciferase signal intensity at day 88 (p = 0.0001). We saw no difference in tumor growth between mice that did or did not receive NSCs when 7.5 mg/kg irinotecan was used. The observed delay in tumor growth was associated with a significant extension of median survival in mice treated with hCE1m6-NSCs and irinotecan (15 mg/kg) (137 days; 95% confidence interval \[CI\], 126--139 days) versus drug alone (117 days; 95% CI, 112--126 days; p = 0.034) ([Figure 5](#fig5){ref-type="fig"}B). Similar studies using the CHLA-255 tumor line also demonstrated a significant delay in tumor growth in mice treated with hCE1m6-NSCs and irinotecan (15 mg/kg) treatment versus drug alone (0.74-fold decrease in tumor growth at day 42, p = 0.0080).

To further analyze the effect of this NSC-mediated gene therapy, we histologically examined whether metastatic foci were present in the liver, lungs, and kidneys ([Figure 6](#fig6){ref-type="fig"}). Mice treated with hCE1m6-NSCs and irinotecan (15 mg/kg) in group E showed a significant reduction in tumor burden in the liver, with only two of eight animals demonstrating tumors in this organ as compared with all (8/8) control mice (no treatment, tumor only; p = 0.0070) ([Figure 6](#fig6){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}). We also saw fewer tumor foci in the irinotecan alone (15 mg/kg) treatment group (5/7); however, this result was not significant (p = 0.31; [Table 2](#tbl2){ref-type="table"}). NB lesions were infrequently seen in the lungs of untreated mice (3/8), and none was observed in mice that underwent high-dose (15 mg/kg) irinotecan alone therapy. No differences were seen in the presence of tumors in the kidney in any of the cohorts ([Table 2](#tbl2){ref-type="table"}).

Discussion {#sec3}
==========

The data presented here support further efforts toward clinical translation studies of this CE-irinotecan enzyme-prodrug gene therapy approach for high-risk NB patients using an NSC line that has demonstrated clinical safety in brain tumor patients (NCT01172964). These cells have been transduced ex vivo with an adenovirus designed to express a modified human CE (hCE1m6), an enzyme highly proficient at irinotecan activation. Ex vivo transduction of NSCs with replication-deficient adenovirus offers several advantages, including: (1) high, transient secretion of hCE1m6, providing an expanded radius of action via the enzyme-prodrug bystander effect[@bib34], [@bib35]; (2) non-integration into the DNA of the parent NSC line, avoiding the possibility of insertional mutagenesis; and (3) the potential to increase the effectiveness of a clinically approved chemotherapeutic agent by significantly increasing intratumoral concentrations of the active drug.

Treatment of several human-derived NB lines with media harvested from NSCs secreting hCE1m6 and irinotecan demonstrated 139- to 883-fold lower IC~50~ values when compared with treatment with drug alone. This is consistent with the enhanced hydrolysis of irinotecan in the media, resulting in significantly higher concentrations of SN-38, leading to increased cytotoxicity. Because only nanomolar levels of SN-38 are needed for tumor cytotoxicity, increased drug activation at tumor foci using NSCs can be achieved using this strategy.

In vivo studies in *Es*1^*e*^/SCID mice demonstrated that hCE1m6-NSCs are cleared from normal organs within 24 hr of intravenous administration. This is an advantage over mesenchymal stem cells (MSCs), which are larger and can get trapped in the lungs.[@bib37] Because clearance of NSCs from normal tissues will be important for limiting off-target effects, based on these results, we decided to wait at least 2 days after NSC administration before treating with irinotecan in in vivo studies. We also confirmed (by qPCR for v-*myc*) that hCE1m6-NSCs selectively localize to NB tumors, although v-*myc* expression among the samples, both within the same tumor and between tumors, was highly variable. This finding is consistent with other results showing heterogeneous NSC distribution within metastatic tumor foci in other metastatic solid tumor models.[@bib27], [@bib28], [@bib39] Additional studies that may enhance NSC-tumor tropism would allow for further optimization, but this would require a detailed understanding of the mechanism by which these cells target tumors in vivo.[@bib39] Because such information is currently lacking, efforts to further improve NSC-directed tumor targeting will likely require further studies to dissect the homing and signaling cascades in this process. Such studies are currently under way. However, it is possible that administering the NSCs in multiple doses (such as two to four times in one day) rather than as a single bolus dose may improve biodistribution within and among tumor foci. Again, detailed preclinical studies will be necessary to validate this hypothesis.

In vivo pharmacokinetic studies indicated that the optimal timing for irinotecan administration was 2 days after hCE1m6-NSCs. In these experiments, approximately 2-fold higher SN-38 concentrations were seen in the presence of hCE1m6-NSCs on day 2 versus irinotecan treatment alone. No significant increase in SN-38 levels were observed at days 3 and 4 (as compared with non-NSC-injected animals), and the exact reasons for this are unclear. It may result from reduced expression of hCE1m6 from the NSCs in vivo, diffusion of the secreted CE away from the tumor xenografts, and/or enhanced proteolysis of the secreted enzyme. However, based upon these results, therapeutic efficacy studies were conducted in NB metastatic models, using clinically relevant concentrations of irinotecan given 2 days post-NSC administration. This resulted in significantly delayed progression of tumor growth in mice that received hCE1m6-NSCs in combination with the drug (15 mg/kg). In addition, there was a significant delay in tumor growth in these mice as compared with animals that received irinotecan alone. Although this establishes proof of concept for this approach, further studies are warranted to optimize the conditions for maximal therapeutic efficacy. For example, cell dosing strategies that lead to an increase in both the number and the coverage of NSCs in tumors would be expected to result in even greater intratumoral conversion of the irinotecan to SN-38 and may further prolong survival. Furthermore, increasing tumor biodistribution of NSCs by fractionating the dose of cells may further prolong survival. This is based on the pattern observed of the log Xenogen signal.

Finally, mice treated with hCE1m6-NSCs and irinotecan (15 mg/kg) demonstrated significantly less tumor burden in the liver as compared with control animals (6/8 had no tumor). Minimizing liver metastases clinically may help preserve hepatic function. leading to improved quality of life and toleration of hepatically metabolized drugs. Interestingly, mice with liver tumors in the irinotecan-treated groups (either with or without hCE1m6-NSCs) had fewer large, consolidated tumors, as compared with higher numbers of small tumors distributed throughout this organ in control animals. Additional studies are currently ongoing in other mouse models of liver metastases to determine whether there is an organ-site-specific effect of the NSCs, and if so, what the mechanism of this effect might be.

Collectively, the studies described herein demonstrate that hCE1m6-NSCs can increase SN-38 levels at tumor sites as compared with irinotecan treatment alone and have a marked effect on NB progression. In the future, the addition of temozolomide may further enhance the activity of treatment with hCE1m6-NSCs plus irinotecan by creating topoisomerase 1-DNA complexes that may augment the activity of irinotecan. This should lead to enhanced antitumor activity. Furthermore, patients with other cancers that are often treated with irinotecan, such as metastatic colon cancer that involves the liver, may also benefit from this therapy. As a consequence, further studies that seek to develop this NSC-mediated gene therapy strategy are in progress for facile translation to the clinic.

Materials and Methods {#sec4}
=====================

Cell Culture and Cytotoxicity Assays {#sec4.1}
------------------------------------

### NB Tumor Cells {#sec4.1.1}

CHLA-255, CHLA-136, and SMS-KCNR human NB lines were transduced with the firefly luciferase (Fluc) gene using a lentivirus vector.[@bib40] CHLA-255-Fluc and CHLA-136-Fluc were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% fetal bovine serum (FBS), 1% [l]{.smallcaps}-glutamine (100×, 25030-164; GIBCO) and 1% penicillin-streptomycin (catalog no. 15140; GIBCO). SMS-KCNR-Fluc cells were cultured in RPMI 1640 supplemented with 10% FBS, 1% [l]{.smallcaps}-glutamine (100×, catalog no. 25030-164; GIBCO) and 1% penicillin-streptomycin (catalog no. 15140; GIBCO). For cytotoxicity assays, NB cells were seeded into each well of 96-well white opaque culture plates (catalog no. 353296; Falcon/Corning) and grown overnight (CHLA-255-Fluc, 4E3 cells/well; CHLA-136-Fluc, 5E3 cells/well) or for 3 days (SMS-KCNR-Fluc, 1E4 cells/well). NB cells were then exposed for 4 hr to: (1) SN-38 (0.001--1 nM) in cell culture media, (2) irinotecan (0.001--1,000 μM) in cell culture media, or 3) irinotecan (0.001--1000 nM) in conditioned media from hCE1m6-NSCs. The media were then replaced with fresh culture media and cells were incubated for 5 days. Beetle luciferin (5 mg/mL; catalog no. E1605; Promega) was then added to each well, and cells were incubated for 5 min in the dark, after which cell viability was measured as Ffluc luminescence using a GloMax Multi-Detection System (model E8032; Promega).

### Statistical Analyses {#sec4.1.2}

Statistical analyses were performed using SAS (Statistical Analysis System) version 9.4 and Prism version 6. Cell viability was measured in triplicate at each concentration. Values for each cell line were normalized relative to average baseline (no drug control) viability. IC~50~ values were estimated with 95% confidence intervals using the One Site--Fit Log IC~50~ non-linear function in Prism 6. Statistical significance at an alpha level of 0.05 was ascertained by non-overlapping confidence intervals. Graphs of functions were produced using Prism 6. Baseline measurements were excluded from analyses because they offset the function.

### Neural Stem Cells {#sec4.1.3}

All in vivo and in vitro studies used a clonal v-*myc* immortalized human NSC line, HB1.F3.CD clone 21 (HB1.F3.CD21; established as a Master Cell Bank \[MCB\] at passage 20 at the City of Hope). NSCs from the MCB were thawed and expanded in T-175 tissue culture flasks in DMEM (10313-021; Invitrogen) supplemented with 10% heat-inactivated FBS (SH30070.03; HyClone) and 2 mM [l]{.smallcaps}-glutamine (25030-081; Invitrogen) as described previously.[@bib41] NSCs were then transduced overnight with a clinical-grade recombinant replication-deficient adenovirus encoding hCE1m6 (AdV.hCE1m6),[@bib27] resulting in transient secretion hCE1m6.[@bib32]

In Vivo hCE1m6-NSC Studies {#sec4.2}
--------------------------

### NSC Clearance Studies in Non-Tumor-Bearing Mice {#sec4.2.1}

All mouse studies were conducted under a City of Hope Institutional Animal Care and Use Committee (IACUC)-approved protocol (IACUC protocols used CHLA 353 and St. Jude 558). Non-tumor-bearing naive *Es*1^*e*^/SCID mice, both male and female, 8--12 weeks old, were intravenously injected with hCE1m6-NSCs (2 × 10^6^ cells/200 μl), pre-labeled with Feraheme (FE) as previously described.[@bib42] Mice were euthanized 1 hr, 24 hr, 48 hr, or 5 days after hCE1m6-NSC administration. Mouse tissues (lung, liver, spleen, brain, and blood) were snap frozen, and genomic DNA was isolated for TaqMan qPCR analysis to identify the presence of NSCs. The primer sequences and probe were designed to target gag-v-*myc* that is unique to our NSC line.[@bib19], [@bib20] The limit of detection is two copies of v-*myc* per 1 μg starting DNA. The limit of quantitation (i.e., the lowest standard) is eight copies per 1 μg of tissue. Note that these NSCs contain one copy of v-*myc* per cell.[@bib41] GAPDH was also quantified as an internal control gene by using real-time qPCR with SYBR Green Supermix (Bio-Rad) for DNA from mouse tissues. Lung, liver, brain, and whole-blood samples were analyzed by qPCR for the presence of v-*myc* to detect NSCs over time. Each organ was divided into one to three pieces for PCR analysis, depending on the starting size of the tissue, and each tissue sample was run in triplicate on a 96-well plate.

### Statistical Analyses {#sec4.2.2}

Averages were compared using analysis of variance with Bonferroni adjustment for pairwise comparisons of other organs to lung (GraphPad Prism version 6).

### NSC Biodistribution Studies in Subcutaneous NB Tumors {#sec4.2.3}

Subcutaneous xenograft models of CHLA-255 and CHLA-136 Ffluc-labeled human NB tumors (5 × 10^6^ cells) were established in 6- to 12-week-old male and female *Es*1^*e*^/SCID mice (n = 5 per NB type) to determine the biodistribution of intravenously administered hCE1m6-NSCs at the tumor site. All mice were pre-treated with rat anti-mouse CD122 antibody (200 μg/mouse, injected intraperitoneally)[@bib43] and total body irradiation at 200 cGy before NB cell injection. Tumor development was monitored weekly by Xenogen imaging and visual examination. Once tumors were detectable (generally 2--3 weeks after NB cell injection), all mice were intravenously injected with hCE1m6-NSCs (2 × 10^6^ cells/200 μl PBS). Mice were sacrificed on 2 days after NSC injections. Tumor tissues were snap frozen and genomic DNA was isolated for qPCR analysis to identify the presence of NSCs. Each tumor was divided into four quarters, DNA was isolated from each quarter, and two to four DNA samples per tumor were analyzed for v-*myc* using qPCR as described above. Averages were compared using ANOVA with Bonferroni correction for pairwise comparisons (GraphPad Prism version 6).

### hCE1m6-NSC and Irinotecan Pharmacokinetic Studies {#sec4.2.4}

Subcutaneous NB tumors were established as described above. When tumors became palpable (∼5 mm in diameter), mice were intravenously injected with hCE1m6-NSCs (2 × 10^6^ cells), followed 2 days later by intravenous irinotecan injections (15 mg/kg). Mice were euthanized 1 hr after irinotecan injections. One to six replicate measurements of drug concentrations were taken in each mouse, and the maximum concentration was used for analyses. SN-38 concentrations are reported as means ± SD. Fold differences in concentrations by NSC administration were reported, and averages were compared using unpaired t tests (GraphPad Prism version 6).

### hCE1m6-NSC and Irinotecan Therapeutic Efficacy Studies in Mice Bearing Metastatic NB {#sec4.2.5}

Adult *Es*1^*e*^/SCID mice, 6--12 weeks old, both male and female, were used in all experiments. Eight mice per group were injected intravenously with 2 × 10^6^ NB cells (CHLA-136, CHLA-255) on day 0. Two days after administration of hCE1m6-NSCs (2 × 10^6^ NSCs were intravenously administered to mice on day 10 after NB cell injection), mice were treated with three rounds of irinotecan using an established clinical dosing regimen. Treatment groups included: group A, tumor only; group B, irinotecan only (7.5 mg/kg, three times a week); group C, hCE1m6-NSCs + irinotecan (7.5 mg/kg, three times a week); group D, irinotecan only (15 mg/kg, three times a week); and group E, hCE1m6-NSCs + irinotecan (15 mg/kg, three times a week). Two weeks of treatment was followed by 1 week of rest (considered one cycle of therapy). The treatment cycle was repeated three to four times. Tumor growth was monitored by bioluminescent imaging: mean signal intensities were obtained from scans at multiple time points for each mouse. Results were analyzed using random intercept and slope regression models with intensities analyzed on a log scale. Models included quadratic time, group, and their interactions. Significant estimated group differences from curves were analyzed using t tests. t tests on raw data were used to confirm earliest time point of difference. Estimated differences from model curves are reported here. Kaplan-Meier curves were created and median survival with 95% confidence intervals were estimated. Survival curves among cell lines were compared using log-rank test. Pairwise comparisons were made with Sidak for multiple comparisons. Kaplan-Meier survival curves and regression models were analyzed in SAS version 9.4.
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IC~50~ estimates and confidence intervals were estimated using the One Site--Fit Log IC~50~ non-linear function in GraphPad Prism using all concentrations larger than baseline. Baseline values were excluded because they offset the function, slightly biasing estimates. Shown are graphs of cell viability by drug concentration for the human NB cell lines (A) CHLA-255, (B) CHLA-136, (C) SMS-KCNR, and (D) SKNAS. Drug treatments were irinotecan alone (blue), SN-38 alone (red), and hCE1m6-NSC CM + irinotecan (green). Three independent experiments were performed in triplicates. Triangles indicate mean observed values, solid lines are estimates from Prism function, and dotted lines are 95% confidence bands.](gr1){#fig1}

![Clearance of hCE1m6-NSC from Peripheral Organs in Non-Tumor-Bearing *Es*1^*e*^-Deficient Mice\
(A) qPCR analysis of v-*myc* transcripts in lung, blood, liver, spleen, and brain of non-tumor-bearing mice. (B) Prussian blue-stained peripheral mouse organs 1 and 24 hr after hCE1m6-NSC administration. Scale bars, 200 μm.](gr2){#fig2}

![qPCR Analysis of Numbers of hCE1m6-NSCs at Subcutaneous NB Tumors\
Note that each NSC has one copy of the v-*myc* gene.](gr3){#fig3}

![Kinetics of CE-Mediated Conversion of Irinotecan to SN-38 in Subcutaneous NB Tumors, CHLA-255 and CHLA-136\
(A) SN-38 concentrations in CHLA-255 tumors and plasma from mice treated with intravenously administered hCE1m6-NSCs on day 0, and 2 days later with intravenous irinotecan. Mice were euthanized and tumors collected 1 hr after irinotecan administration. Data shown are mean ± SD (n = 6). (B) SN-38 concentrations in CHLA-136 tumors from mice treated as described in (A).](gr4){#fig4}

![Therapeutic Efficacy of Treatment with hCE1m6-NSCs and Irinotecan in CHLA-136 NB Metastatic Mouse Model\
(A) Model estimated log-transformed Xenogen signal over days by treatment group. Gray vertical dashed and solid lines indicate when NSC and irinotecan treatments were administered. Light shading around each treatment group line indicates 95% confidence interval bands around estimates. (B) Kaplan-Meier survival curves by treatment group. Gray vertical dashed and solid lines indicate when NSC and irinotecan treatments were administered. Each cycle was 2 weeks on, 1 week off. Treatment regimen includes three cycles.](gr5){#fig5}

![Histological Analysis of Organs from Mice Treated with hCE1m6-NSCs and Irinotecan\
(A--D) Controls (tumor) were organs from untreated mice. (E--L) H&E-stained tissue sections from peripheral mouse organs (liver, lung, and kidney) after treatment with three cycles of irinotecan alone (E--H) or irinotecan/hCE1m6-NSC therapy (2 weeks on 1 week off) (I--L). Scale bars, 500 μm.](gr6){#fig6}

###### 

IC~50~ Values for NB Cell Lines Treated with Irinotecan, hCE1m6 + Irinotecan, or SN-38

  NB Cell Line   IC~50~ Values (μM) (95% Confidence Interval)   Fold Decrease in IC~50~, as Compared with Irinotecan                          
  -------------- ---------------------------------------------- ------------------------------------------------------ ---------------------- -----
  CHLA-255       3.29 (1.56, 6.83)                              0.005 (0.003, 0.009)                                   0.008 (0.006, 0.012)   411
  CHLA-136       6.41 (3.51, 11.71)                             0.002 (0.0004, 0.007)                                  0.043 (0.025, 0.075)   149
  SMS-KCNR       7.95 (3.36, 18.83)                             0.017 (0.007, 0.041)                                   0.009 (0.005, 0.015)   883
  SKNAS          2.36 (1.20, 4.64)                              0.024 (0.009, 0.059)                                   0.017 (0.008, 0.034)   139

###### 

Summary of Histological Analysis of Peripheral Mouse Organs after Three Cycles of Therapy: CHLA-136 Tumor Model

  Metastasis   Mice per Group   Kidney   Liver (No. of Foci)   Lungs
  ------------ ---------------- -------- --------------------- -------
  Group A      8                5/8      8/8 (\>20)            3/8
  Group B      8                6/8      6/8 (\<10)            2/8
  Group C      8                7/8      6/8 (\<10)            1/8
  Group D      7                5/7      5/7 (\<5)             0/7
  Group E      8                7/8      2/8 (\<5)             0/8

See also [Figure 5](#fig5){ref-type="fig"}.
